pro is an essential enzyme involved in cleavages of viral and cellular proteins during the infectious cycle. Evidence has been obtained that 2A pro is also involved in genome replication. All enteroviruses have a negatively charged cluster of amino acids at their C terminus (E E / D E / D AMEQ-NH 2 ), a common motif suggesting function. When aligned with enterovirus sequences, the 2A pro proteinase of human rhinovirus type 2 (HRV2) has a shorter C terminus (EE…Q-NH 2 ) and, indeed, the HRV2 2A pro cannot substitute for poliovirus 2A pro to yield a viable chimeric virus. Here evidence is provided that the C-terminal cluster of amino acids plays an unknown role in poliovirus genome replication. Deletion of the EEAME sequence from poliovirus 2A pro is lethal without significantly influencing proteinase function. On the other hand, addition of EAME to HRV2 2A pro , yielding a C terminus of this enzyme of EEEAMEQ, stimulated RNA replication of a poliovirus/HRV2 chimera 100-fold. The novel role of the C-terminal sequence motif is manifested at the level of protein function, since silent mutations in its coding region had no effect on virus proliferation. Poliovirus type 1 Mahoney 2A pro could be provided in trans to rescue the lethal deletion EEAME in the poliovirus variant. Encapsidation studies left open the question of whether the C terminus of poliovirus 2A pro is involved in particle formation. It is concluded that the C terminus of poliovirus 2A pro is an essential domain for viral RNA replication but is not essential for proteolytic processing.
Introduction
Poliovirus is a prototype of the Picornaviridae, a family of small, non-enveloped plus-stranded RNA viruses. The Picornaviridae have been divided into nine genera as the number of previously recognized genera, Enterovirus, Rhinovirus, Hepatovirus, Parechovirus, Cardiovirus and Aphthovirus, has recently been extended by the three new genera Erbovirus, Kobuvirus and Teschovirus (Rueckert, 1996 ; Pringle, 1999) . A list of species and their serotypes can be found on the Picornavirus Sequence Database at http :\\www.iah.bbsrc.ac.uk\virus\ picornavaviridae\sequencedatabase\index.html. The genus Enterovirus consists of poliovirus, coxsackie A viruses, coxsackie B viruses, echoviruses and a number of non-classified enteroviruses. The genus Rhinovirus is divided into major and minor receptor group rhinoviruses and contains more than 100
Author for correspondence : Eckard Wimmer.
Fax j1 631 632 8891. e-mail ewimmer!ms.cc.sunysb.edu serotypes. The enteroviruses and rhinoviruses share great similarity in virion structure, gene organization and many aspects of their replication cycle, in spite of differences in tissue tropism and disease syndromes (Agol et al., 1999 ; Gromeier et al., 1999 ; Pfister et al., 1999) .
The enterovirus and rhinovirus genomes are about 7500 nucleotides long, with a small viral protein (VPg) and a poly(A) tail present at their 5h and 3h termini, respectively (Kitamura et al., 1980 (Kitamura et al., , 1981 Lee et al., 1977 ; Skern et al., 1985) . Both enterovirus and rhinovirus genomes encode a single large polyprotein from which the viral structural proteins, expressed as precursor P1, and non-structural proteins, as expressed as P2 and P3, are derived by proteolytic processing (Fig. 1 b) . The processing steps are catalysed by the virus-encoded proteinases 2A pro , 3C pro and 3CD pro . The 2A pro proteinases are encoded immediately downstream of the P1 precursor in enterovirus and rhinovirus genomes. This proteinase cleaves the P1-P2 junction in cis and cellular proteins in trans. The ciscleavage activity of the enterovirus and rhinovirus 2A pro . Identical residues are in white lettering on black. Missing amino acids are indicated by dots. Amino acid positions are given at the end of each line. This alignment is in accordance with that of Palmenberg (1989) . (b) Genotypes of the wildtype and chimeric full-length and replicon poliovirus genomic RNAs, containing different C-terminal domains of PV1(M) and HRV2 2A pro sequences. Non-initiating AUGs are denoted by stars. P1 is the precursor of the structural proteins ; P2 and P3 are the precursors of the non-structural proteins. 1A, 1B, 1C and 1D represent capsid proteins VP4, VP2, VP3 and VP1. In the chimeric PV1(M) replicon genomes, the P1 region was replaced by the luciferase gene (shaded) and the sequence of the Cterminal domain of 2A pro was varied as indicated. The modified C-terminal domains of PV1(M) and HRV2 2A pro are enlarged. PV1(M) 2A pro and HRV2 2A pro are depicted as open and filled boxes, respectively. In the Cm4 construct, the wobble positions of the P 1 -P 5 residues of poliovirus 2A pro were mutated. C-5 is a deletion of the P 2 -P 6 positions of PV1(M) 2A proteinases releases the P1 precursor from the non-structural P2-P3 precursors (Sommergruber et al., 1989 ; Toyoda et al., 1986) . The trans-cleavage activity of enterovirus and rhinovirus 2A pro processes cellular factors, including eukaryotic initiation factor eIF-4G (eIF-4γ or p220) (Kra$ usslich et al., 1987 ; Lamphear et al., 1993) , TATA-binding protein (Yalamanchili et al., 1997) , poly(A)-binding protein (PABP) (Joachims et al., 1999 ; Kerekatte et al., 1999) , dystrophin (Badorff et al., 1999) and the viral protein 3CD pro (Lee & Wimmer, 1988) . With the exception of eIF-4G, the effects of the 2A pro trans-cleavage activity on cellular proteins are not clear. Cleavage of eIF-4G, and possible also of PABP, contributes to the shut-off of host cell protein synthesis (Joachims et al., 1999 ; Kra$ usslich et al., 1987) . Translation is thus switched from cap-dependent cellular translation to capindependent viral translation. Shut-off of host cell protein synthesis can also result in a process of programmed cell death (Barco et al., 2000 ; Goldstaub et al., 2000) . The precise function of 2A pro in the cleavage of eIF-4G is presently debated. Proteinase 2A pro is definitely responsible for the direct cleavage of cellular proteins (Haghighat et al., 1996 ; Lamphear et al., 1993 ; Liebig et al., 1993) , but evidence for activation of cellular activities has also been presented in eIF-4G processing (Bovee et al., 1998 a, b) . The cleavage of dystrophin of mouse heart muscle cells by coxsackievirus B3 2A pro has been suggested to be the mechanism of dilated cardiomyopathy (Wessely et al., 1998) . The 2A pro cleavage products of 3CD pro (3Ch and 3Dh) are not essential for poliovirus replication (Lee & Wimmer, 1988) .
The crystal structure of human rhinovirus type 2 (HRV2) 2A pro has recently been elucidated and it revealed a unique fold that comprises a four-stranded β-sheet at the N-terminal domain and a six-stranded β-barrel containing a Zn# + ion at the C-terminal domain (Petersen et al., 1999) . Site-directed mutagenesis studies on some conserved residues of poliovirus 2A pro indicate that the substrate-binding domains are different for cis-and trans-cleavage activities (Ventoso & Carrasco, 1995 ; Yu et al., 1995) . Both the poliovirus and rhinovirus 2A pro -encoding sequences have been expressed in yeast, which does not result in cleavage of the yeast homologue of eIF-4G. However, poliovirus 2A pro shuts off yeast cell RNA synthesis by the cleavage of a host transcription factor (Barco & Carrasco, 1995 ; Klump et al., 1996) , a process distinct from the effect of poliovirus 2A pro in mammalian cells (Ventoso et al., 1998) . Screening for peptide inhibitors of poliovirus 2A pro by the yeast two-hybrid system revealed a small peptide that inhibits poliovirus 2A pro cleavage activity (Ventoso et al., 1999) .
Genetic data suggest that 2A pro is an important component for poliovirus RNA replication, but the function remains elusive (Ansardi et al., 1995 ; Molla et al., 1992 O'Neill & Racaniello, 1989 ; Yu et al., 1995) . Although not endowed with strong hydrophobic sequences, poliovirus 2A pro was found in the detergent-insoluble membranes (Martin-Belmonte et al., 2000) . Not surprisingly, the 2A proteins of hepatitis A virus and Theiler's murine encephalomyelitis virus do not seem to be required for virus RNA replication (Harmon et al., 1995 ; Michiels et al., 1997) , since these viral polypeptides bear no similarity to the entero-and rhinovirus 2A pro enzymes (Gromeier et al., 1999) .
In our previous study, we have demonstrated that mutations at the P & position of coxsackievirus B4 (CBV4) 2A pro promoted viral RNA replication of a chimeric poliovirus in which the cognate poliovirus 2A pro sequence was exchanged for that of CBV4. Chimeric poliovirus genomes with an HRV2 2A pro -encoding sequence did not produce viable virus, but showed both a low level of viral RNA replication (detected by RT-PCR) and minor alternations in processing of P2 proteins (Lu et al., 1995 b) . Amino acid alignments show that the C terminus of the HRV2 2A pro lacks four amino acids compared with the C terminus of 2A pro from poliovirus type 1 Mahoney [PV1(M)] (Fig. 1 a) . These four amino acids (EAME) correspond to an acidic domain preserved among enterovirus 2A pro polypeptides. In this paper, we have used site-directed mutagenesis to show that the conserved C terminus of PV1(M) 2A pro plays an important role in viral RNA replication.
Methods
Cells, viruses and plasmids. HeLa R19 monolayers were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 5 % bovine calf serum (BCS) at 37 mC. OST7-1 is a mouse fibroblast cell line that expresses T7 RNA polymerase in the cytoplasm. OST7-1 cells were maintained in DMEM with 10 % foetal bovine serum and G418 (Elroy-Stein & Moss, 1990) . VV-P1 is a recombinant vaccinia virus containing poliovirus P1-encoding sequences, which was kindly provided to us by C. D. Morrow (Ansardi et al., 1991) . pT7HRV2 is a fulllength cDNA clone of HRV2, which was kindly provided to us by E. Kuechler and T. Skern (Skern et al., 1985) . pT7PVM is a derivative of pT7XL, a full-length cDNA clone of PV1(M) (van der Werf et al., 1986) . The plasmid pGL2 (containing the luciferase gene) was purchased from Promega. The plasmid pBS E2A contains the encephalomyocarditis virus (EMCV) IRES sequence followed by the poliovirus 2A pro -encoding sequences . pBS E2A(CH) is the same plasmid with H20A and C109A mutations in the poliovirus 2A pro -encoding sequence . pBS was purchased from Stratagene for construction of pBS E2A and pBS E2A(CH) plasmids.
Oligonucleotides. The following oligonucleotide primers were used in this study : 5101 (5h CGGAGACGCCAAAAA 3h), 5120 (5h CTGAGCTCCAATTTGGACTTTCCGCC 3h), L2 (5h CCAAGGAGC-TCACCAC 3h), 17 (5h GAGGCCTTGTTCGTAGGCATACAAGTC 3h), 25 (5h GAGGCCCTGCTCCATTGCCTCTTCTTCGTAGGCATACA-AGTC 3h), 4578 (5h GCGGAGCTCACTACAGCTGGCCCC 3h) and 5040 (5h GGAGGCCTTGTTCCATGGCTTCTTCTTCAGCACAAT 3h).
DNA manipulations. Escherichia coli strain DH5α was used for plasmid transformation and propagation. DNA cloning was accomplished by standard procedures (Sambrook et al., 1989) . Cloning enzymes and reagents were purchased from New England Biolabs or Boehringer Mannheim. pT7PVM(S + E − ) is a full-length poliovirus cDNA clone that contains two engineered restriction sites (EcoRI and SacI) downstream of an authentic AUG codon (Mueller & Wimmer, 1998) . pT7S\2A\S is a X. Li and others X. Li and others full-length poliovirus cDNA clone with a SacI site at the junction of the P1-and 2A-encoding sequences (Lu et al., 1995 b) . pT7PVM(S + E − ) and pT7S\2A\S were digested by NheI and BglI and ligated to yield the cDNA plasmid pT7S + E − S\2A\S. PCR-amplified luciferase-encoding sequences (primers 5101 and 5120) were used to replace the P1 region between the EcoRI and SacI sites of pT7S + E − S\2A\S to generate a PV1(M) replicon plasmid PVM\Luc. The different 2A pro -encoding sequences were amplified by PCR and cloned into the SacI and StuI sites of the PVM\Luc plasmid. New chimeric poliovirus replicon clones contained wild-type HRV2 2A pro sequences (PVM\Luc R2A), the truncated C-terminal five amino acids (P # -P ' ) of PV1(M) 2A pro (PVM\Luc C-5) (primers L2 and 17) and HRV2 2A pro with four amino acids (P # -P & ) from the C terminus of PV1(M) 2A pro (PVM\Luc R2A Cj4) (primers 4578 and 5040). To determine whether the C-terminal sequences of 2A pro act at the level of RNA or protein, mutations (P " -P % ) were made at every wobble position, generating silent mutations (PVM\Luc Cm4) (primers L2 and 25). At the same time, the various modified 2A pro sequences were introduced into full-length pT7S\2A\S cDNA clones. The new chimeric PV1(M) full-length clones were named PVM Cm4, PVM C-5 and PVM R2A Cj4. PVM R2A is identical to PV\HRV2-2A (Lu et al., 1995 b) . The details of the C-terminal modifications are shown in Fig. 1 
(b).
In vitro transcription, translation and Western blotting. In order to produce the RNA transcripts in vitro, 0n7 µg of each full-length and replicon cDNA plasmid was linearized by PvuI downstream from the viral genome (Alexander et al., 1994 ; Lu et al., 1995 a, b) . RNA transcripts were synthesized from the linear template DNA by use of T7 RNA polymerase in 100 µl of an in vitro transcription reaction mixture. RNA transcripts were purified by phenol-chloroform extraction and ethanol precipitation. For each RNA transcript, the optimal RNA concentration was determined for in vitro translation in HeLa cell extracts as described by Molla et al. (1991) . Translation reactions were carried out at 34 mC for 7 h in the presence of 10 µCi of [$&S]-translabel (Amersham). SDS-12n5% polyacrylamide gels were used to analyse the translation products (Laemmli, 1970) . The intensity of the VP3 band of each poliovirus fulllength RNA translation reaction was measured by using the Un-Scan It program (Silk Scientific Company). Translation efficiency was calculated as described previously (Lu et al., 1995 b) . Briefly, the translation efficiency of PVM R2A RNA was taken as 100 %. The translation efficiency of each chimeric RNA was calculated from the relative intensity of the VP3 band compared with the intensity of the VP3 band from PVM R2A RNA.
Western blotting was used to detect degradation products of eIF-4G. Briefly, in vitro translation reactions were carried out in 62n5 µl of total translation reactions for each full-length RNA transcript at 30 mC for 24 h. TCA precipitation (8 %) was used to reduce the sample volume. The samples were analysed on 7n5 % SDS-PAGE and transferred overnight at 4 mC to a nitrocellulose membrane (Schleicher & Schuell). The nitrocellulose membrane was incubated at room temperature for 2 h with a rabbit anti-eIF-4G primary antibody (Aldabe et al., 1995) and then incubated at room temperature for an additional 2 h with HRP-conjugated goat anti-rabbit antibodies (Cappel) as secondary antibodies. Degradation products of eIF-4G were detected by ECL (Amersham) followed by exposure of the membrane to Kodak X-ray film for 5 min.
RNA transfections. To perform the RNA transfection, HeLa R19 cells cultured on a 35 mm plate were incubated with 5-10 µg of RNA transcripts in the presence of 0n5 mg\ml DEAE-dextran in HeBSS buffer (42 mM HEPES, 270 mM NaCl, 9n6 mM KCl and 1n4 mM Na # HPO % ) at room temperature for 30 min. The transfection mixtures were removed and the cells were cultured in 2 ml DMEM-2 % BCS at 37 mC (Sambrook et al., 1989) . HeLa cell monolayers were harvested at different timepoints.
Trans-rescue assay. The trans-rescue assay was performed as described previously (Hambidge & Sarnow, 1992) . Briefly, the DNA transfection was performed with calcium phosphate by incubating 1 µg of the PV1(M) replicon cDNA plasmids and 10 µg of the pBS, pBS E2A and pBS E2A(CH) cDNA plasmids on OST7-1 monolayers. Glycerol shock was carried out at 6 h after addition of the DNA\calcium phosphate precipitate. Transfected OST7-1 cells were incubated at 37 mC with 5 % CO # for another 12 h (Ausubel et al., 1994) . The harvested OST7-1 cells were resuspended in PBS for luciferase assays as described below.
Encapsidation assay. Encapsidation assays were performed according to Ansardi et al. (1991 Ansardi et al. ( , 1993 . The PV1(M) replicon RNA transcripts were transfected into HeLa cell monolayers 2 h after VV-P1 infection. HeLa cell monolayers were cultured in 1n5 ml of DMEM-2 % BCS at 37 mC for 24 h. HeLa cell lysates were obtained by freeze-thawing three times. Aliquots of 250 µl of the cell lysates were inoculated onto another set of fresh HeLa cell monolayers, which were harvested at 0, 2, 4, 6, 8 and 10 h post-infection. The cell lysates were analysed for luciferase activity.
Luciferase assay. After transfections of RNA or DNA containing the luciferase gene, HeLa cell or mouse cell monolayers were harvested by washing three times with PBS and resuspending the cell pellet in 100 µl PBS (Ausubel et al., 1994) . The cells were lysed immediately by freeze-thawing three times. Twenty µl of cell lysate was examined by adding 100 µl luciferin to measure luciferase activity in a luminometer (Promega). The protein concentration (125 µg) of each cell lysate was determined by a Micro BCA protein assay (Pierce) as an internal control to normalize the luciferase activities (Ventoso & Carrasco, 1995) .
Plaque assays. Plaque assays on HeLa cell monolayers were performed as described previously (Lu et al., 1995 b) . The virus was diluted in PBS and placed on the cells. The mixture was incubated for 30 min at room temperature to allow the virus to absorb to the cells and then 3 ml of 1i DMEM plus 10 % calf serum (Gibco-BRL) plus 1 % agar was added to each plate. After incubation for 2 days, the agar overlays were removed and the cells were stained with crystal violet.
Results

In vivo phenotypes of PV1(M) and HRV2 2A pro C-terminal domains
On the basis of the observed differences between the 2A pro sequences of poliovirus and HRV2 in the C-terminal region (Fig. 1 a) , we have constructed four virus variants, of which two are chimeras (Fig. 1 b) . In P2A Cm4, only the nucleotide sequence encoding the C terminus was changed (silent mutation ; see below). In P2A C-5, five amino acids have been deleted and an alanine residue in the P % position of the cleavage site (indicated by an asterisk) was retained to ensure efficient cleavage by 3C pro \3CD pro . The chimeric constructs contained either wild-type HRV2 2A pro lacking the EAME motif (R2A) or a derivative thereof, in which the EAME was added (R2A Cj4). To determine the in vivo phenotype for the C-terminal domains of the PV1(M) and HRV2 2A pro polypeptides, RNA transcripts of full-length PV1(M) and its derivatives (PVM Cm4, PVM C-5, PVM R2A Cj4, PVM R2A) were transfected into HeLa cell monolayers and the plates were incubated at 37 mC for 2 days. The cell lysates were harvested and plaque assays were performed. PV1(M) and PV1(M) Cm4 constructs produced progeny virus at 2n4i10) and 2n1i10) p.f.u.\ml, respectively. No virus was detected from transfections with PV1(M) C-5, PV1(M) R2A Cj4 or PV1(M) R2A RNA transcripts, even after prolonged incubation and serial passages of these cell lysates.
Translation efficiencies and proteolytic activities of viral RNAs with modifications in the 2A pro C-terminal domain
To investigate the pronounced effect of the C-terminal domain of 2A pro on virus proliferation, we have analysed the modified viral genomes by several methods. Firstly, we determined the efficiency with which the RNA could direct faithful protein synthesis. Translation of the RNAs was performed in HeLa cell extracts (Molla et al., 1991) . Chimeric PV1(M) full-length RNA transcripts with modified 2A pro C termini translated nearly as well as those of wild-type 2A pro (Fig. 2 a ; lanes 4-8) . This was determined by measuring the VP3 intensity and calculating the translation efficiency for each translation reaction as described in Methods. The translation efficiency of each chimeric PV1(M) RNA is given at the bottom of Fig. 2 (a) . With PVM Cm4, neither the relative mobility of 2A pro nor the translation efficiency was altered, as expected (Fig. 2 a ; lanes 4 and 5) . PVM C-5 RNA transcripts, in which five amino acids had been deleted, translated as well as PV1(M) and PVM Cm4 RNA transcripts (Fig. 2 a ; compare lanes 4 and EAB X. Li and others X. Li and others 5 with lane 6). The relative mobility of 2A pro in PVM C-5 increased, however (lane 6). On the other hand, addition of four amino acids to HR2 2A pro (PVM R2A Cj4) decreased the relative mobility of HRV2 2A pro and the protein migrated to the same position as PV1(M) 2A pro (lane 7). The translation efficiency of PVM R2A Cj4, however, was reduced slightly (Fig. 2 a, lane 4 and 7) . The cleavage patterns seen in lanes 6, 7 and 8 clearly reveal a few aberrant cleavage products in addition to all the major viral polypeptides.
To examine the cis-cleavage activity of PV1(M) and HRV2 2A pro proteinases in chimeric PV1(M) replicon genomes, PV1(M) replicon RNA transcripts in which the capsid precursor P1 was replaced by luciferase were translated in HeLa cell extracts. No P1 precursors or processed coat proteins were observed in these translations (Fig. 2 b ; lanes 4-8) , as expected. Bands corresponding to the luciferase protein and nonstructural proteins were found to be present, however (Fig. 2 b ; lanes 4-8). The migration positions of each modified 2A pro in PV1(M) replicon genomes were altered, as has been seen in Fig. 2 (a) with PV1(M) full-length genomes. These results suggest strongly that substitution of the P1 region with the luciferase gene and modifications of PV1(M) and HRV2 2A pro C-terminal domains did not affect the cis-cleavage activity of PV1(M) and HRV2 2A pro significantly, if at all, in the chimeric PV1(M) replicon genomes. This result is in agreement with our previous observation that 2A pro cis-cleavage is not affected by variations of P " residues (Hellen et al., 1992) . The endogenous cellular protein eIF-4G was used to examine the trans-cleavage activity of PV1(M) and HRV2 2A pro proteinases with modified C termini by Western blotting. Intact eIF-4G protein is shown in the no-RNA control (Fig. 2 c ; lane 1) . Completely degraded eIF-4G products were detected in all translation reactions (Fig. 2 c ; lanes 2-6) . No differences in eIF-4G cleavage were observed between the wild-type 2A pro (Fig. 2 c ; lanes 2 and 6) and modified 2A pro (Fig. 2 c ; lanes 3-5) . Thus, the C-terminal modifications did not affect the proteolytic activity in trans of PV1(M) and HRV2 2A pro proteinases.
The function of the C-terminal domain of PV1(M) 2A pro in viral RNA replication
It has been reported that the addition of a foreign gene (Alexander et al., 1994) or the replacement of the poliovirus P1 region by a reporter gene does not affect poliovirus replication, including viral protein processing, RNA synthesis or encapsidation in trans (Porter et al., 1998 ; for references see Mueller & Wimmer, 2000) . Our previous results showed that a chimeric PV1(M) genome with HRV2 2A pro did not produce virus but suggested very low levels of viral RNA replication (Lu et al., 1995 b) . Since the pattern of protein synthesis and proteolysis in vitro showed production of all proteins involved in RNA synthesis, we decided to investigate whether the 2A pro C termini have a function in RNA replication. To monitor replication, we constructed PV1(M) replicon genomes containing the luciferase gene. After transfection into HeLa cells, the luciferase activity was measured. The transfected HeLa cell monolayers were incubated at 37 mC and cells were lysed at 0, 4, 8, 12 and 24 h post-transfection. Luciferase activity generated by PVM\Luc and PVM\Luc Cm4 RNA transcripts was detected at 4 h and it reached a peak at 8 h posttransfection (Fig. 3 a ; open squares) . At this time-point, the luciferase activity produced by PVM\Luc R2A was nearly 1000-fold lower than that of PVM\Luc, while a detectable signal emerged only 12 h post-transfection (closed circles). Remarkably, addition of the four amino acids to the C terminus of HRV2 2A pro in PVM\Luc R2A Cj4 genomes increased the expression and led to a signal at 8 h post-transfection that was about 100-fold greater than that of PVM\Luc R2A (open circles) (Fig. 3 a) and only 10-fold lower than that of PVM\Luc. Genetic study of poliovirus Genetic study of poliovirus The luciferase activity of PVM R2A Cj4 reached its peak at 12 h post-transfection. No luciferase activity above background could be detected with PVM\Luc C-5 RNA.
Expression of luciferase in these transfected cells could conceivably result solely from translation of the incoming RNAs, independent of viral RNA replication. To separate translation from viral RNA replication, the experiments were repeated in the presence of 2 mM guanidine-HCl, an inhibitor of poliovirus RNA replication, but not of luciferase activity (Alexander et al., 1994) . No luciferase activity was detected above the background level in cell lysates transfected with these RNA transcripts over a period of 24 h. This observation suggests strongly that the phenotypes of luciferase activity result from altered viral RNA replication and not from differences in viral RNA translation (Fig. 3 b) .
Trans-rescue of the C-terminally modified 2A
pro with wild-type and mutated poliovirus 2A pro In order to test whether the C-terminal functions of 2A pro could be rescued in trans, we pursued a trans-rescue assay in a mouse fibroblast cell line, OST7-1, that expresses phage T7 RNA polymerase in the cytoplasm. T7 RNA polymerase can be used to transcribe RNA from transfected cDNA plasmids containing the T7 promoter. Since transcription in all of our cDNA plasmids is driven by the T7 promoter (van der Werf et al., 1986), we were able to co-transfect PV1(M) replicon cDNA plasmids, together with expression plasmids for PV1(M) 2A pro cDNA [pBS E2A or pBS E2A(CH)], into OST7-1 cells and assay for complementation by monitoring luciferase activity. Results of such co-transfection experiments are shown in Fig. 4 . Transfection with vectors containing no luciferase gene gave background signals (Fig. 4 ; group A, bars 2-5). Co-transfection of different poliovirus-expression vectors is presented in groups as follows : (B) wild-type PVM\Luc, (C) PVM\Luc Cm4 ; (D) PVM\Luc C-5 ; (E) PVM R2A Cj4 and (F) PVM\Luc R2A, involving either pBS or 2A-expressing plasmids, as indicated. If guanidine-HCl was omitted at the beginning of co-transfection, all plasmids, with the exception of PVM\Luc C-5 ( Fig. 4 ; group D, bar 14) , yielded strong luciferase signals (bars 6, 10, 18 and 22), which can be assumed to be the result of mRNA production by transcription and EAD X. Li and others X. Li and others replication. This is supported by the observation that guanidine-HCl reduced the signal obtained in these cells to the level of PVM\Luc C-5 (compare bars 7, 11, 19 and 23 with bar 15). Co-transfection with a plasmid expressing 2A pro under the control of the EMCV IRES stimulated the luciferase signal (see bars 8, 12, 16, 20 and 24) , although the increase was barely detectable in group F (bar 24). However, the 12n7-fold increase (bar 16) is highly significant and required expression of active proteinase, since expression of inactive proteinase had no effect on the luciferase signal (bars 9, 13, 17, 21 and 25).
Is the C-terminal domain of PV1(M) 2A pro involved in virus encapsidation ?
The P1 regions of PV1(M) and HRV2 encode the P1 precursors, which are processed by viral proteinases (2A pro and 3CD pro ) into capsid proteins VP0, VP3 and VP1 (Kitamura et al., 1981 ; during ' maturation ' of the procapsid. An unknown mechanism induces VP0 cleavage and produces VP2 and VP4. Sixty copies of each of these four capsid proteins, VP1, VP2, VP3 and VP4, then form an icosahedral virus particle . The encapsidation in poliovirus-infected cells is very specific in packaging the viral genomic RNA only. It is assumed that the encapsidation signal is localized in the viral RNA genome. However, available evidence suggests a strong coupling between RNA replication and RNA encapsidation (Molla et al., 1991 ; Nugent et al., 1999) . If so, it may be possible to establish a correlation between the replication of the poliovirus\HRV2 2A chimera and encapsidation in trans. Accordingly, PV1(M) replicons and VV-P1 vaccinia virus were used in our studies. In these transencapsidation studies, the poliovirus capsid precursor P1 is provided by the vaccinia virus expression system (Porter et al., 1998) . The P1 precursor is then recruited and processed by proteinase from heterologous replicating poliovirus genomes.
We assayed for trans encapsidation by analysing luciferase activity after the second round of infection. The chimeric PV1(M) genomes PVM\Luc, PVM\Luc Cm4 and PVM\Luc R2A Cj4 could be packaged in trans by P1 precursors provided by vaccinia virus expression, as indicated by the level of luciferase activity in cell lysates. In contrast, PVM\Luc R2A and PVM\Luc C-5 RNAs were not packaged, since no luciferase activity higher than background was detected in secondary infections (Fig. 5) .
Discussion
Genetic data and amino acid alignments indicate that PV1(M) and HRV2 2A pro belong to a group of small cysteine proteinases (Bazan & Fletterick, 1988) . These enzymes are specified by a cysteine forming the catalytic triad together with aspartate and histidine in both viral 2A pro proteinases (Hellen et al., 1991 ; Petersen et al., 1999 ; Seipelt et al., 1999 ; Sommergruber et al., 1989) . HRV2 2A pro was found to contain a Zn# + ion (Sommergruber et al., 1994) , the function of which is to stabilize the structure of the protein (Petersen et al., 1999) . Although not proven for poliovirus 2A pro , this enzyme may fold in a fashion similar to HRV2 2A pro and it may also contain a Zn# + ion. Genetic studies have demonstrated that PV1(M) 2A pro has multiple functions in virus proliferation (protein processing, viral RNA replication, translation activation) (Hambidge & Sarnow, 1992 ; Molla et al., 1993 b ; Toyoda et al., 1986 ; Yu et al., 1995) . It is not yet known whether the multiple functions of 2A pro are due to independent functional domains or to domains involved in proteolysis. There are no biochemical data available that indicate a direct role for 2A pro in viral genome replication. Here, we report studies to dissect the function of the C termini of PV1(M) and HRV2 2A pro in the context of chimeric PV1(M) full-length and replicon genomes.
In our previous studies, we showed that 2A pro of CBV4, another enterovirus, could replace the poliovirus 2A pro in a chimera. However, mutations in the C terminus of CBV4 2A pro were necessary to yield a chimera with wild-type replication properties (Lu et al., 1995 b) . These mutations all mapped to precisely the region that is missing in HRV2 2A pro . Thus, we both modified this region in poliovirus 2A pro and added four amino acids to HRV2 2A pro to create an ' enterovirus-like ' 2A pro . In all constructs, the P1-P2 junction of the PV1(M) polyprotein is LtTY*GfGh, where capital letters represent residues conserved among polioviruses (Hellen et al., 1992) ; ITTA*GPSD is the corresponding sequence in HRV2 (Skern et al., 1991) . To facilitate 3CD pro cleavage activity at the 2A-2B junction, the P % position for each C-terminal modification was alanine, a residue greatly preferred by poliovirus 3CD pro cleavage activity (Fig. 1 b) (Lawson & Semler, 1990) .
To study the C-terminal functions of PV1(M) and HRV2 2A pro in terms of their proteolytic activities, the RNA transcripts were translated in HeLa cell extracts. Even when EAE five amino acids (P # -P ' ) were deleted at the C-terminal domain of PV1(M) 2A pro (PVM C-5), neither translation efficiency nor the cis-and trans-cleavage activities was affected significantly (Fig. 2 a, lanes 4 and 6 ; Fig. 2 c, lanes 2 and 4) . Deletion of a further nine amino acids at the C terminus of poliovirus 2A pro abolished the cis-cleavage activity (Toyoda et al., 1986) . Insertions at the N and C termini also abolished cis-cleavage activity of PV1(M) 2A pro (Bernstein et al., 1986 ; Kra$ usslich et al., 1987) . On the other hand, a C-terminal deletion of up to six amino acids of HRV2 2A pro did not interfere with its ciscleavage activity, whereas a deletion of up to 10 amino acids inactivated the enzyme (Sommergruber et al., 1989) . Translation with chimeric PVM R2A Cj4 and PVM R2A genomes showed that all expected proteins were produced by proteolytic processing (Fig. 2 a ; lanes 7 and 8) . Importantly, none of the 2A modifications at the C terminus impaired the enzyme's ability to cleave eIF-4G (Fig. 2 c ; lanes 5 and 6) .
Whereas the C-terminal deletions caused little if any loss of cleavage activity for either PV1(M) or HRV2 2A pro , severe replication phenotypes were observed. We conclude that the C-terminal domain up to amino acid 6 is not critical for proteolytic activities of poliovirus 2A pro , but this conclusion is based solely on in vitro translation assays. A correlation between the structure and the function of poliovirus 2A pro remains to be done.
The involvement of PV1(M) 2A pro in viral RNA replication was suggested by Molla et al. (1993 b) from experiments using dicistronic poliovirus genomes. While the insertion of an EMCV IRES at the P1-P2 junction of the poliovirus genome did not interfere with either proteolytic processing or genome replication, deletion of 2A pro in these constructs and even mutation of C109A abolished RNA synthesis (Molla et al., 1992 . Yu and colleagues (Yu et al., 1995 ; Yu & Lloyd, 1991) have come to the same conclusion, based on mutations introduced into the catalytic triad or other conserved residues of the 2A pro molecule. So far, two features of PV1(M) 2A pro seem to be important for this protein to promote RNA replication : the identity of C109 of the catalytic triad and the presence of four amino acid residues (P # -P & ) at the C terminus. Whether the importance of both of these features relates to a specific structure of 2A pro remains to be seen. It is possible that a cluster of negatively charged amino acids involving the sequence EAME may play a role in poliovirus RNA replication. This would explain why the addition of the four amino acids EAME to HRV2 2A pro greatly improved replication of the chimeric replicon PVM\Luc R2A Cj4 (Fig. 3 a ; open circles) . A poliovirus genomic chimera in which the cognate 2A pro was replaced with R2A Cj4 did not yield viruses, however (data not shown). These observations led originally to our speculation that the nucleotide sequence encoding 2A pro may be involved in encapsidation. A change of four nucleotides of the EAME-encoding nucleotide sequence at the C terminus (2A Cm4) did not yield a replication phenotype, however. The high yield at which PVM\Luc R2A Cj4 was encapsidated in trans (Fig. 5 , open circles) must, therefore, relate to the ability of PVM\Luc R2A Cj4 to replicate, rather than to a specific encapsidation signal. This leaves unexplained the surprising observation that the R2A Cj4 RNA does not form virions. Experiments to find escape mutants have failed, but they have not yet involved long-term, blind passages.
Encapsidation signals residing in virus genomes have been identified for several RNA viruses, for example retroviruses (Clever et al., 1995 ; Mansky et al., 1995) and a togavirus (Weiss et al., 1989) . Encapsidation of poliovirus is specific in that the virus particle only contains VPg-linked, positive-sense poliovirus RNA. Thus, the encapsidation process discriminates against virus mRNA, lacking VPg, and minus-sense RNA. An encapsidation signal in poliovirus plus-stranded RNA has not yet been discovered, however. Numerous studies have led to the exclusion of possible signals, such as the IRES element and regions in the coding sequences of P1 and VPg, or VPg itself (Barclay et al., 1998 ; Gromeier et al., 1996 ; Lu & Wimmer, 1996 ; Porter et al., 1998 ; Reuer et al., 1990) . Studies using the cell-free, de novo synthesis of poliovirus (Molla et al., 1991) or genetic analyses of replicons (Nugent et al., 1999) have suggested that genome replication is necessary for encapsidation. The data presented here support these previous conclusions. The mechanism by which the plus-stranded viral RNA is selected for encapsidation remains elusive, however. Another less-likely possibility is that an intact, virus-specific 2A pro molecule is involved directly in virus particle formation, since non-structural proteins have been discovered in virus particles of foot-and-mouth disease virus and poliovirus (Newman et al., 1994) .
Co-transfection of plasmids expressing luciferase-containing replicons with plasmids expressing poliovirus 2A pro resulted in all cases in an increased signal of the reporter gene products (Fig. 4) . Such an effect on translation efficiency has been observed before (Hambidge & Sarnow, 1992) and may be due to a specific but as yet undefined interaction of the proteinase with the poliovirus IRES element (Macadam et al., 1994 ; Rowe et al., 2000) combined with a more rapid degradation of eIF-4G. In agreement with this, co-expression of a mutant enzyme (2A pro CH) had no effect on the luciferase signal. However, the increase in the luciferase signal of the replication-incompetent replicon PVM\Luc C-5 ( Fig. 4 ; bar 16 ) may reflect trans-activation of RNA replication, since the IRES sequence in this replicon is identical to that in the others.
The 2A pro enzyme of poliovirus has multiple functions, for which stringent structural parameters may be essential. The integrity of the catalytic triad (particularly of C109) appears to play an important role in all functions. We have identified a new structural determinant for genome replication, the Cterminal five amino acids.
